Background: Laboratory-based monitoring of antiretroviral therapy is essential but adds a significant cost to HIV care. The World Health Organization 2006 guidelines support the use of CD4 lymphocyte count (CD4) to define treatment failure in resource-limited settings.
INTRODUCTION
Of the estimated 33.2 million persons infected with HIV-1 worldwide, 22.5 million live in sub-Saharan Africa. 1 And antiretroviral therapy (ART) availability has expanded dramatically in sub-Saharan Africa, thus increasing the importance of laboratory methods for initiating treatment and monitoring response to therapy. Government and nongovernmental organizations have worked to increase availability and to decrease costs of laboratory tests. For example, in 2004, the Clinton Foundation HIV/AIDS Initiative leveraged an agreement with companies, including Beckman Coulter (CD4 lymphocyte count) and Roche Diagnostics (HIV viral load), to provide laboratory tests priced lower than market rates in resource-limited settings. Yet, despite efforts to reduce costs of diagnostics, HIV care programs are stretching to cover costs of personnel, medication, and laboratory tests. 2 A report of treatment costs in South Africa estimated laboratory costs to comprise 50% of costs before ART and during the first month of treatment. 3 Lower cost assays that do not sacrifice accuracy could have a major impact in costs of HIV/AIDS care.
HIV disease staging allows health care providers to ascertain which patients might benefit most from ART and opportunistic infection (OI) prophylaxis. The World Health Organization (WHO) has published guidelines for initiation of ART based on clinical signs and CD4 lymphocyte count. 4, 5 Because funds to pay laboratory fees may be unavailable in resource-limited settings, HIV disease staging is often limited to a clinical assessment of the patient for signs and symptoms of OI. And as the clinical expression of HIV-1 infection is often a late-stage event that can be fatal, 6 earlier identification of persons who are at risk for morbidity and mortality but without clinical signs or symptoms requires laboratory assessment. Investigators in the United States and South Africa have shown that routine clinical markers lack sensitivity and cannot replace CD4 cell count and HIV viral load as indicators of successful HIV treatment. 7, 8 Although viral load testing provides the most accurate assessment of response to ART, its routine use is prohibitively expensive in resource-limited settings. For this reason, WHO supports CD4 cell count measurement to monitor response to ART. The 2006 WHO guidelines define CD4 cell failure as persistent CD4 levels below 100 cell/mm 3 or fall of CD4 count to pretherapy baseline or 50% fall from the on-treatment peak value without concomitant infection to cause transient CD4 cell decrease. 5 Limitations to this approach include delayed detection of treatment failure and increased risk of drug resistance due to persistence of HIV in the presence of antiretroviral drugs.
The primary laboratory-based method of HIV disease staging is measurement of CD4 lymphocytes. CD4 cell count is the most reliable indicator of the risk for OIs and is used to initiate ART and OI prophylaxis. 9, 10 The gold standard method for measuring CD4 lymphocytes is flow cytometry. In resource-limited settings, the FACSCount System (Becton Dickinson), a flow cytometry-based dedicated single-platform CD4 counting instrument, is often used. 11 However, access to this method is limited in more remote settings, the reagents and machine are relatively expensive, and technical training is required. Therefore, we have compared 2 bead-based manual methods with flow cytometry.
Costs for laboratory assays include equipment and supply costs, reagents, technician time, and quality assurance and control programs. Although the approximate cost of reagents per test for a CD4 cell count is 3-5 USD by Dynabeads and 4-8 USD by Cytospheres compared with 5-20 USD by FACSCount, the equipment cost for Cytospheres and Dynabeads is 2000 USD, including the cost of a light microscope, which is far less than the cost of equipment for FACSCount machine (27,000 USD). 12 The goals of this research were to compare 2 manual, bead-based methods, Dynabeads, and Cytospheres with flow cytometry for enumeration of CD4 lymphocytes in Kampala, Uganda. This study reports the utility of manual bead assays for CD4 cell enumeration in a large clinic population of participants treated with ART and followed over 18 months.
METHODS

Study Population
We recruited HIV-1-infected persons attending the Infectious Diseases Institute for HIV/AIDS treatment at Makerere University Faculty of Medicine in Kampala, Uganda. Participants were older than 18 years with serologic confirmation of HIV-1 infection, and either initiating ART or on ART. Five hundred fifty consecutive, eligible patients attending the clinic who provided written, informed consent were enrolled between May 2004 and February 2005. Of these, 497 participants had blood samples evaluated by flow cytometry and at least one of the manual methods according to availability of reagents. At enrollment and every 3 months for 18 months, a study physician conducted a clinical evaluation and participants completed a structured questionnaire administered by trained interviewers, as previously described. 13 
Laboratory Testing
At each visit, 10 mL of whole blood was drawn into tripotassium ethylene diamine tetraacetate vacutainer tubes.
Blood was processed on site at the Infectious Diseases Institute laboratory and at the Makerere University-Johns Hopkins University Laboratory, which is College of American Pathologists certified. CD4 lymphocyte count, gold standard testing was conducted on a flow cytometer (FACSCount 2-color or FACSCalibur 4-color, Becton Dickinson, Franklin Lakes, NJ). CD4 lymphocyte count was determined on the same blood specimen on the same day by using Dynabeads, Dynal T4 Count (Dynal Biotech, A.S.A., Oslo, Norway), and Cytospheres, CD4 Manual Count (Beckman Coulter, Brea, CA). Both assays were done according to the manufacturer's instructions. Our technician received up to 10 samples per day and performed both methods on each. We limited the number of samples to 10 per day to prevent technician fatigue and eyestrain.
The Dynabeads assay employs magnetic beads coated with CD14 antibody to bind monocytes that are captured before lymphocyte isolation. We processed these samples within 24 hours of collection. For monocyte depletion, 250 mL of ethylene diamine tetraacetate whole blood was added to 225 mL of dilution buffer and incubated with 25 mL of CD14 antibodycoated magnetic beads for 10 minutes. A magnet isolated the monocytes. Monocyte-depleted supernatant was divided into 2 microtubes, combined with 200 mL of dilution buffer and 25 mL of CD4 antibody-coated magnetic beads, and incubated for 10 minutes. After isolation of the CD4 lymphocytes with a magnet, cells were lysed and the CD4+ T-cell nuclei were stained with 20 mL of Sternheimer-Malbin solution and counted under light microscopy in 1 chamber of a 0.1-mm deep hemacytometer within 1 hour of lysis. The number of nuclei counted in the volume of 0.9 mL was then divided by 0.9 to determine the absolute CD4 cell count per microliter.
Cytospheres, a method approved by the US Food and Drug Administration, use anti-CD14 latex spheres to block monocytes and (Cytospheres) to bind to CD4+ T cells. We processed these samples within 6 hours of collection. Briefly, 10 mL of MY4 monoclonal antibody-labeled spheres was added to 100 mL of ethylene diamine tetraacetate whole blood and mixed for 2 minutes. Then 10 mL of CD4 monoclonal antibody-labeled spheres was added and mixed. Then 10 mL of the blood-latex spheres mixture was mixed for 10-15 seconds with 2% acetic acid and 0.025% crystal violet stain for lysing and staining. After staining, the sample is stable for 15 minutes. Under light microscopy, we counted cells that had 3 or more large latex spheres attached to them as CD4 lymphocytes in 1 chamber of a 0.2-mm deep hemacytometer. We used a conversion matrix included in the manufacturer's instructions, which multiplied the number of cells counted by 7.3, to determine the absolute CD4 cell count per microliter.
Ethical Approval
The study protocol was approved by the Johns Hopkins Medicine Institutional Review Board, the Makerere University Faculty of Medicine Research and Ethics Committee, and the Uganda National Council of Science and Technology.
Statistical Analysis
Statistical analyses were performed using SAS software (version 8.2, SAS Institute, Cary, NC). Flow cytometric testing was compared with each manual bead method. Paired data were compared by linear regression, including slopes, intercepts, and Pearson correlation coefficients. Analysis of agreement between the 2 methods was done by the Bland and Altman method, which compares the difference between paired measurements against the mean of the 2 measurements. According to Bland and Altman, limits of agreement summarize lack of agreement by calculating bias, which is estimated by the mean difference (D) and the standard deviation of the differences (S). If the differences are normally distributed, then 95% of differences will lie between D 2 1.96 3 S and D + 1.96 3 S. In addition to analysis of agreement, we determined the number of pairs where the absolute difference between manual method and flow cytometry varied by thresholds of 50, 100, and 150 cells/mm 3 . We calculated sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for all paired data and for CD4 cells counts measured before ART initiation. Receiver operating characteristics (ROCs) curves evaluated the sensitivity and specificity of Dynabeads and Cytospheres to predict CD4 cell count ,100, 200, and 350 cells/mm 3 by flow cytometry. We calculated the area under the ROC curve of these 3 thresholds for Dynabeads and Cytospheres.
RESULTS
Patients and Baseline Characteristics
Participant characteristics are presented in Table 1 . The majority of participants (88%) were treatment naive at baseline. Median CD4 lymphocyte counts at baseline were ,200 cells/mm 3 by flow cytometry for both treatment naive and experienced. Four hundred ninety-seven HIV-1-infected participants completed 1 (n = 11), 2 (n = 9), 3 (n = 9), 4 (n = 15), 5 (n = 107), 6 (n = 106), or 7 (n = 240) clinic visits. Median number of visits was 7 (Interquartile range, 6-8).
We tested a total of 1721 paired samples from HIVinfected Ugandans treated with ART by flow cytometry. Mean CD4 count was 240 cells/mm 3 by flow cytometry. One thousand six hundred seventy-one samples were evaluated by Dynabeads (123 before ART), 1444 samples by Cytospheres (91 before ART), and 1399 samples by both manual methods. Data points for manual methods were analyzed for participants seen at 1 (n = 29), 2 (n = 68), 3 (n = 199), 4 (n = 177), 5 (n = 22), and 6 (n = 2) clinic visits. Manual methods were conducted for a median of 3 visits (IQR, 3-4).
Dynabeads Versus Flow Cytometry
Mean CD4 lymphocyte count was 231 cells/mm 3 (SD, 139) by Dynabeads and 239 cells/mm 3 (SD, 140) by flow cytometry. The correlation between CD4 lymphocyte counts assessed by Dynabeads and flow cytometry is shown in Figure 1A , with regression slope of 0.85, intercept of 28, and Pearson correlation coefficient of 0.85. The mean difference in methods was 8.8 cells/mm 3 , and limits of agreement were 2140.9 to 158.4 cells/mm 3 (Fig. 1B) (Table 2 ). In 123 samples tested before ART initiation, both sensitivity (97%) and PPV (94%) were higher but specificity (56%) and NPV (75%) were low. Figure 3A illustrates the ROC curves for thresholds of CD4 count ,100, 200, and 350 cells/mm 3 by flow cytometry, and Table 2 lists the corresponding areas under the ROC curve.
Cytospheres Versus Flow Cytometry
Mean CD4 was 186 cells/mm 3 (SD, 101) by Cytospheres and 242 cells/mm 3 (SD, 136) by flow cytometry. The correlation between CD4 lymphocyte counts assessed by Cytospheres and flow cytometry is shown in Figure 2A, 3 were 93%, 59%, 64%, and 91%, respectively (Table 2 ). In 91 samples tested before ART initiation, sensitivity (92%) and PPV (90%) were high but specificity (47%) and NPV (54%) were low. Figure 3B illustrates the ROC curves for thresholds of CD4 count ,100, 200, and 350 cells/mm 3 by flow cytometry, and Table 2 lists the corresponding areas under the ROC curve. 15 reported coefficient of variations ranging from 20% to 30%, indicating substantial measurement error. Measurement error may occur in either the flow cytometric or hematologic determinations because flow cytometry-based estimates of CD4 cell count are determined by multiplying the percentage of CD4 lymphocytes by the absolute lymphocyte count (ie, total leukocyte count 3 percentage lymphocytes). This study did not evaluate reproducibility, and the results of manual methods may be more variable with greater intraoperator differences when compared with automated methods. Yet, the extent to which these Clinically, the CD4 count is used as a biomarker of immune function and at low levels predicts vulnerability to OIs. The rate of decline is most critical to predict development of OIs or mortality and would represent the difference between 2 measurements. In resource-limited areas without access to more accurate methods, manual methods could be used frequently to test those with relatively low CD4 cell counts who are not yet on ART.
Due to heteroscedasticity or increased variance at greater values of CD4 cell count, Bland-Altman plots shown in Figures  1B, 2B illustrate larger differences between methods as the CD4 cell count increases. And in contrast to Dynabeads, the mean difference between Cytospheres and flow cytometry increases as CD4 count increases (Fig. 2B) . However, in a subanalysis limited to 1337 samples with flow cytometry-determined CD4 cell count ,350 cells/mm . These findings illustrate reduced bias between flow cytometry and manual methods at lower cell counts.
The true positive rate or sensitivity was high for both methods at cutoffs of 200 and 350 cells/mm 3 . This is an anticipated effect because manual method results were on average lower than flow cytometry results, the median baseline CD4 count before ARTwas 109 cells/mm 3 , and this population included those presenting for ART initiation or monitoring. Higher test sensitivity translates into fewer false-negative results and would limit the numbers of patients who merited ART but were not treated for HIV disease. The true negative rate or specificity of Dynabeads (84%) and Cytospheres (59%) at 200 cells/mm 3 was relatively low and, if used in clinical practice, may overestimate the need for ART initiation. The ROC analysis may be more relevant for the purpose of classification at clinically important thresholds than the BlandAltman analysis of bias, which evaluates each set of paired values. Although the manual methods did not agree with flow cytometry for CD4 enumeration, they performed reasonably well as the curves are in the upper left corner of Figures 3A, B . Overall, Dynabeads outperformed Cytospheres as area under the curve values were higher for all cutoffs ( Table 2) .
The results of our study are comparable to those reported for Dynabeads in West Africa. Diagbouga et al 18 
21
Results for Cytospheres are less consistent than those reported for Dynabeads. 21, 22 This inconsistency may be due to the relatively short period of stability (approximately 15 minutes) after addition of the lysis/stain reagent. Crowe et al 20 reported a correlation coefficient of 0.69 for Cytospheres (n = 27) and attributed this to misclassifying and counting monocytes. In Western Uganda, investigators found that Cytospheres overestimated CD4 counts in a cross-sectional study including 131 samples (r = 0.725, median difference = 28 cells/mm 3 ). 23 However, results of a cross-sectional analysis that compared Cytospheres with flow cytometry in 122 samples from HIVinfected participants in Chennai, India, showed high correlation (r = 0.97, mean difference = 10 cells/mm 3 ) 24 despite a mean CD4 count of 356 cells/mm 3 . Other investigators have noted high correlation coefficients but did not conduct analysis of bias. [25] [26] [27] The choice of CD4 enumeration technology is determined by issues such as the available personnel and equipment, technical resources, daily volume of samples, and need for CD4 percentage in pediatric HIV care. The WHO has compared the different available methods that include double-and singleplatform flow cytometry, dedicated cytometers (FACSCount, CyFlow Counter, PointCare), and manual bead-based methods. 12 The bead-based methods are simple, rapid tests that rely on basic technology (light microscope) and direct observation (visual counting) to enumerate CD4 lymphocytes. Five to ten samples per day may meet the requirements for smaller laboratories. However, the bead-based methods are too labor intensive for a high-volume laboratory and do not provide CD4 percentage. To reduce technician fatigue and eyestrain and to avoid inaccuracies noted with higher cell counts, we agree with Crowe et al 20 that documentation of .500 cells/mL is acceptable from a technical and clinical standpoint.
Due to the relatively higher cost of viral load testing, for now, CD4 enumeration is the primary method used to assess response to ART and predict viral failure in resource-limited settings. Furthermore, evaluation of CD4 monitoring for 429 previously antiretroviral-naive participants treated for 6 months in Gaborone, Botswana, found that an increase of .50 cells/mm 3 in patients with baseline of ,100 cells/mm 3 would detect 93% of patients with viral suppression. 28 Until costs for viral load testing are reduced or less expensive technologies become available, CD4 enumeration will remain the primary method used to monitor HIV-infected individuals and their response to ART.
